We identified two regulatory elements in the upstream region of the Drosophila Sgs-3 gene which are both able to bind the ecdysone receptor (EcR/USP) and the product of the fork head gene. Interestingly, only one of the EcR/USP binding sites is able to recognize in vitro-translated EcRAJSP, which provides evidence for the existence of different receptor forms having different DNA binding specificities. Deletions of the elements lead to a reduced accumulation of Sgs-3 mRNA without altering the temporal expression profile of the gene. The data are consistent with the hypothesis that the ecdysone receptor directly contributes to the transcriptional activation of Sgs-3 by binding to at least one of the two elements. Since also the Sgs-4 gene is controlled by a functional EcR/USP binding site, a direct participation of EcR/USP in the formation of regulatory complexes may be of general importance for the hormonal control of Sgs genes.
Introduction
In insects the major developmental transitions in postembryonic, and conceivably also in embryonic, development are controlled and coordinated by the moulting hormone 20-hydroxyecdysone (hereafter referred to as ecdysone) which is, in contrast to the situation in vertebrates, the only steroid hormone with well-established regulatory functions in this class of arthropods (for reviews see Koolman, 1989) . As a steroid hormone, ecdysone exerts its effects by directly modulating the activity of hormone-responsive target genes. These effects are mediated by binding of the hormone to a receptor protein which is, for ecdysone, a heterodimeric complex of two members of the nuclear receptor superfamily, the product of the EcR gene (EcR) (Koelle et al., 1991) and the product of the ultraspiracle (usp) gene (USP) (Yao et al., 1992; Thomas et al., 1993; Yao et al., 1993) . Target genes are recognized by binding of the hormone-receptor complex to regulatory DNA elements designated as ecdysone response elements (EcREs). A number of EcREs have been identified which are composed of palindromic hexanucleotide half-sites separated by a single spacer nucleotide (Riddihough and Pelham, 1987; Cherbas et al., 1991; Martinez et al., 1991; Antoniewski et al., 1994; Antoniewski et al., 1995; Lehmann and Korge, 1995) , and recently it has been shown that also direct repeats of the motif AGGTCA are potential target sites for the EcR/USP heterodimer (Homer et al., 1995; Antoniewski et al., 1996) .
A fundamental unresolved question in endocrinological research is how systemic signals like pulses of steroid hormones are converted into a variety of tissue-and stage-specific responses. The existence of three different EcR isoforms, A, B1 and B2, which are differentially expressed in larval and imaginal tissues, may provide a first clue for the explanation of this variety (Talbot et al., 1993) . Furthermore, investigations in different model systems suggest that the EcREs involved in the control of certain ecdysone-responsive genes are not sufficient by themselves to mediate a hormone response. Instead, to function properly they need the context of more complex ecdysone response units (EcRUs) which include binding sites for additional transcription factors (Antoniewski et al., 1994; Lehmann and Korge, 1995) . A particularly well-studied model system is the Drosophila salivary gland secretion protein genes (Sgs) which are induced by a low titre of ecdysone in a strictly tissue-specific manner in mid third instar larvae, and which are repressed in the presence of a high hormone titre shortly before pupariation (for review see Lehmann, 1996) . The Sgs-4 gene is controlled by a complex EcRU which contains, in close proximity to a functional EcRAJSP binding site, binding sites of secretion enhancer binding proteins (SEBPs) 2 and 3 (Lehmann and Korge, 1995) as well as potential binding sites of products of the Broad-Complex gene (BR-C) (von Kalm et al., 1994) . Recently, it has been demonstrated that SEBP2 is encoded by the region-specific homeotic genefork head (/kh) (Lehmann and Korge, 1996) . The product of thefkh gene (FKH) shows a high degree of tissue specificity in its expression during larval development and it thus seems to be a major determinant of the tissue specificity of the ecdysone response of Sgs-4. Moreover, FKH binds to a well-defined regulatory site within the proximal element of the Sgs-3 gene, suggesting that FKH controls the tissue-specific expression of the whole set of Sgs genes (Mach et al., 1996) .
The direct involvement of the ecdysone receptor in the regulation of Sgs-4 was surprising since studies with inhibitors of protein synthesis showed that induction of Sgs genes is a secondary response to the hormone mediated by products of other ecdysone-regulated genes (Hansson and Lambertsson, 1989) . Consistent with this concept, the BR-C and the E74 gene have been identified as early ecdysoneinduced genes being involved in the control of Sgs genes (Crowley et al., 1984; Guay and Guild, 1991; Karim et al., 1993; Fletcher and Thummel, 1995a,b) , and in vitro-footprinting studies suggest that at least the BR-C proteins exert their control by direct binding to the Sgs-4 upstream region (von Kalm et al., 1994) .
To test whether the ecdysone receptor is also involved in the control of other Sgs genes, we screened the Sgs-3 upstream region for EcR/USP binding sites. We show here that the EcR/USP heterodimer has the potential to bind to two elements located outside of the previously identified proximal and distal elements which are sufficient to specify the stage-and tissue-specific expression of Sgs-3 (Raghavan et al., 1986; Ramain et al., 1988; Martin et al., 1989; Roark et al., 1990) . Furthermore, we show that the two elements are relevant to the transcriptional activation of Sgs-3, and that they are also recognized by the FKH protein. Interestingly, one of the two EcR/USP binding sites is only able to recognize 'native' EcR/USP but no in vitro-translated proteins, suggesting that there might exist different forms of EcR/USP which have different DNA binding specificities. The implications of these findings are discussed.
Results

Ecdysone receptor binding sites in the Sgs-3 upstream region
In order to explore whether the upstream region of the Sgs-3 gene contains binding sites for the EcR/USP heterodimer, we used a competitive mobility shift DNA-binding assay that had previously proven a useful tool for the detection of receptor binding sites (Lehmann and Korge, 1995; Rogulski and Cartwright, 1995) . The assay makes use of the strong binding of EcR/USP to the EcRE of the Drosophila hsp27 gene (Riddihough and Pelham, 1987; Cherbas et al., 1991; Koelle et al., 1991; Martinez et al., 1991; Yao et al., 1992 Yao et al., , 1993 Thomas et al., 1993 shows a weak ability to compete at a high competitor concentration (Fig. 1B, lane 28) . We searched for matches with the EcRE consensus sequence within the three competing fragments and found elements exhibiting a high degree of similarity with the consensus. Fig. 2 shows the sequences of these elements together with the sequence of an element located at positions -38 to -50 relative to the Sgs-3 transcription start site, which has previously been considered as a possible EcRE involved in the regulation of Sgs-3 (Riddiford, 1993; Lehmann, 1996) . Restriction fragments which contain this element (the 123 bp and 182 bp fragments in Fig.  1A ) proved to be unable to effectively compete for receptor binding to the hsp27 EcRE (Fig. 1B, lanes 4, 5, 13 and 14) . To verify this result, we also tested a synthetic doublestranded oligonucleotide containing the -38/-50 element for its ability to compete with the hsp27 element and found very weak competition only at high competitor concentrations (data not shown).
Since we were interested in the possible direct regula- F r e e~ oligonucleotide was incubated with nuclear extract from third larval instar salivary glands (except for lanes 1 and 21, which were loaded with the hsp27 probe alone), and unlabelled restriction fragments were added to the incubation mixtures at the indicated molar excess. Two specific complexes, C1 and C2, formed by the hsp27 oligonucleotide, contain the EcR and USP proteins as shown by the altered mobility of these complexes in the presence of antiEcR and anti-USP antibodies (Lehmann and Korge, 1995) . The complex marked by an asterisk is not reproducibly formed while complex C4 is probably formed by USP alone (see the text and Fig. 4 ). An assay performed with the 236 bp and the 211 bp fragments gave no indication that these fragments are and 190 bp restriction fragments were indeed responsible for receptor binding, we designed synthetic oligonucleotides which contain the element of the 75 bp fragment (element 3/1) and the element of the 190 bp fragment (element 3/II). Formation of protein-DNA complexes by these oligonucleotides was compared to complex formation by the hsp27 oligonucleotide. The hsp27 element forms at least three specific complexes with nuclear extract from third larval instar salivary glands (Fig. 3, lanes 1 and 2) . The relative amounts of these complexes differ greatly between different extract preparations. While complex C2 is always formed with comparable strength, complex C1 is often considerably stronger and complex C4 considerably weaker than shown in Fig. 3 (data not shown; compare also Lehmann and Korge, 1995) . The C3 complex formed by the hsp27 oligonucleotide is not reproducibly observed and is obviously due to non-specific protein binding (see below). By the use of specific antibodies, it has previously been shown that complex C2 as well as complex C1 contain both EcR and USP protein (Lehmann and Korge, 1995) . However, complex C1 (designated as C3 in Lehmann and Korge, 1995) appears to be heterogeneous in its composition. The incomplete competition of this complex by an excess of unlabelled oligonucleotide suggests that it contains a non-specific component which also appears to be responsible for the above-mentioned variable (Riddihough and Pelham, 1987; Cherbas et ai., 1991; Martinez et ai., 1991) and Eip28/29 genes , which have been shown to be able to confer hormone responsiveness upon an otherwise non-responsive promoter. The left half-site corresponds to the consensus proposed by Cherbas et al. (1991) and the right half-site is a more degenerate consensus resulting for the other half of the palindromic recognition sequence. For comparison, also the functional EcR/USP binding sites of the Fbpl (Antoniewski et al., 1994) , the Lsp-2 (Antoniewski et al., 1995) and the Sgs-4 genes (Lehmann and Korge, 1995) are shown. The positions of the Sgs-3 and Sgs-8 elements are given relative to the transcription start sites of the respective genes. Positions differing from the EcRE consensus are underlined. The asterisks mark positions within and adjacent to elements 3/I and 3/1I that might be responsible for FKH binding.
strength of this complex. Indeed, all oligonucleotides tested so far form non-specific complexes with salivary gland nuclear extract which migrate with a similar mobility as CI (Lehmann and Korge, 1996) . The oligonucleotide containing element 3/1 (O-3/1) forms complexes which migrate with mobilities corresponding to the mobilities of complexes C 1, C2, and C4, formed by the hsp27 oligonucleotide (Fig. 3, lane 7) . The C3 complex formed by O-3/1 has a slightly different mobility than the non-specific C3 complex formed by the hsp27 oligonucleotide and, in contrast to the C3 complex formed by hsp27, unlabelled competitor oligonucleotide efficiently competes for formation of this complex (Fig. 3 , lanes 9 and 10; see also Fig. 5 ). The different mobilities of the C3 complexes were more evident in additional mobility shift experiments (data not shown). Thus, the C3 complex formed by O-3/1 clearly does not correspond to the C3 complex formed by hsp27. The same is true for the C3 complex formed by the oligonucleotide containing element 3/1I (O-3/11). In addition to a specific C3 complex, this oligonucleotide forms complexes corresponding to complexes C1 and C2, but it does not form a complex corresponding to the C4 complex (Fig. 3, lane 14) .
The C2 complexes formed by O-3/1 and O-3/11 disappear in the presence of an excess of unlabelled hsp27 oligonucleotide, suggesting that these complexes are formed by EcR/USP (Fig. 3, lanes 8 and 15) . Conversely, also O-3/1 and O-3/11 are able to compete with the hsp27 probe for formation of the C2 complex (Fig. 3 , lanes 3-6). O-3/I proves to be the better competitor which corresponds well with the data obtained with restriction fragments (see above) and with the different strengths of the C2 complexes formed by the O-3/1 and O-3/II probes (Fig. 3 , lanes 7 and 14). The hsp27 oligonucleotide clearly competes with C1 complex formation by O-3/1 (Fig. 3 , lane 8) but shows only partial competition of CI complex formation by O-3/II (Fig. 3, lane 15) suggesting that the C1 complexes are of different composition. This interpretation is supported by the different sensitivity of these complexes towards anti-EcR and anti-USP antibodies. While the C2 complexes formed by either element react with these antibodies, only the C1 complex formed by O-3/1 is supershifted by the anti-EcR and anti-USP antibodies (Fig. 4A) . Interestingly, the C4 complex formed by O-3/1 is specifically supershifted by the anti-USP antibody AB 11 but not by anti-EcR antibody AG10.2, suggesting that this complex is formed by a monomeric form of USP (Fig. 4A , lanes 2 and 3).
To further corroborate the conclusion that O-3/1 and O-3/II contain EcR/USP binding sites, we tested if these 
F r e e ~ F r e e ~ F r e e 1 2 3 4 5 6 1 2 3 4 5 6 7 8 9 1 0 1 1 1 2 3 4 Radiolabelled oligonucleotides O-3/I and O-3/II were incubated with nuclear extract from salivary glands of either third instar larvae (LS3) or white prepupae (PP), and the resulting protein-DNA complexes were separated in a 5% mobility shift gel. Note that the ratio between the EcR/USP-containing C2 complexes formed by O-3/I and O-3/II greatly depends on the kind of nuclear extract used. Like the ~2 complexes formed by larval extract, the C2 complexes formed by prepupal extract completely react with the anti-EcR and anti-USP antibodies (data not shown). Note also that the relative amounts of the C1 complexes are considerably diminished and that new fast migrating complexes (marked by an arrowhead) are formed with prepupal extract. The fast migrating complexes are neither recognized by the anti-EcR nor the anti-USP antibody (data not shown).
oligonucleotides are also able to recognize EcR and USP proteins obtained by in vitro translation. Surprisingly, we found that O-3/I forms a strong complex with EcR/USP (Fig. 4B , lane 5), while O-3/II is not able to bind the in vitro translation products (Fig. 4B, lane 10) . The two simplest explanations for this observation are that the binding specificity of in vitro-translated EcR/USP differs from that of 'native' EcR/USP or that the nuclear extracts contain different forms of EcR/USP which differ in their binding specificities. To distinguish between these possibilities, we asked whether extracts derived from different developmental stages show divergent abilities to form EcWUSPcontaining complexes with O-3/I and O-3/II. Using nuclear extract from salivary glands of third instar larvae, we confirmed our earlier finding that the EcR and USP proteins of these extracts form a strong C2 complex with O-3/I and a weaker, but still marked, C2 complex with O-3/II (Fig. 4C, lanes 1 and 2) . However, an amount of nuclear extract from salivary glands of white prepupae which forms an even stronger C2 complex with O-3/I than larval extract, forms a C2 complex with O-3/II which is barely detectable (Fig. 4C, lanes 3 and 4) . These results strongly suggest that the C2 complexes formed by O-3/I and O-3/II contain different forms of EcR/USP and that the ratio between these forms changes around the time of pupariation. Interestingly, prepupal extract forms a new prominent complex with both O-3/I and O-3/II (marked by an arrowhead in Fig. 4C ). As the Sgs genes are transcriptionally inactive in the prepupal stage, the new complex may be formed by a repressor protein that displaces EcR/USP from its binding sites and thereby ensures transcriptional inactivity of Sgs-3 during this stage. Oligonucleotide O-3/I, but not O-3/II, forms a weak complex with in vitro-translated USP alone, which reacts with the anti-USP antibody AB 11 (Fig. 4B, lanes 3 and 4) . After longer exposure (not shown) it can be seen that the antibody produces a supershifted complex rather than simply interfering with formation of the USP-containing complex. Together with the observation that the C4 complex , 1994 ) is able to compete for formation of the C3 complexes. Indeed, an oligonucleotide containing this site shows specific competition already at a 10-fold molar excess over the probe (Fig. 5, lanes 2, 3, 9 and 10) and, most importantly, two base substitutions which alter the core motif recognized by the fkh domain clearly interfere with the ability of this oligonucleotide to compete (Fig. 5,  lanes 4, 5, 11 and 12 ). The available data thus strongly argue in favour of an identity of the C3-forming factor with FKH. (Kaufmann et al., 1994) and KRM is a mutated variant of this oligonucleotide which is unable to bind FKH (Lehmann and Korge, 1996) . Antibody incubations were performed with antibodies purified from an anti-FKH antiserum (FKH) or from normal serum (NS).
Elements
formed by O-3/1 is supershifted by AB 11 but not by the anti-EcR antibody AG10.2 (see above), this strongly suggests that USP is able to bind alone, at least in vitro, to element 3/1. To confirm that elements 3/1 and 3/1I within O-3/1 and O-3/11 are indeed responsible for receptor binding, we tested whether oligonucleotides containing deletions of these elements are still able to compete for formation of the EcR/USP-containing complexes. Indeed, the corresponding oligonucleotides, O-A3/I and O-,53/11, proved to be unable to efficiently compete for formation of these complexes (Fig. 3, lanes 11-13 and 18, 19) . However, binding of the factor responsible for formation of the C3 complex also seems to be impaired by the deletions. We noticed that the C3 complexes show similar mobilities as complexes formed by the FKH protein (Lehmann and Korge, 1996) , and this prompted us to ask whether FKH might be the C3-forming factor. Surprisingly, although O-3/1 and O-3/11 contain no conspicuous matches with known FKH binding sites, an anti-FKH antibody was found to interfere with the formation of C3, indicating that FKH is indeed the C3-forming factor (Fig. 5, lanes  6 and 13) . To verify this result, we also tested whether an To test whether elements 3/1 and 3/1I are of importance for the regulation of Sgs-3, we constructed plasmids for Pelement transformation containing deletions of the single elements or of both elements. All constructs contained the Sgs-3 allele of the strain Oregon R together with -1.4 kb of upstream and -1.2 kb of downstream sequences (Fig. 6A) . The Oregon allele encodes a 1120 nt mRNA which is easily separated from the 820 nt mRNA encoded by the Sgs-3 allele of the Formosa strain which was used as recipient strain for P-element transformation. The two Sgs-3 alleles are expressed in roughly the same quantities within the strains of origin (data not shown). We obtained several transformant lines for the wild-type reference construct as well as the constructs carrying single binding site deletions but, for unknown reasons, only one line from 1500 injected embryos for the construct carrying the double deletion AI/ All. Fig. 6B shows that different lines containing a particular transgene produce similar amounts of Sgs-3 mRNA.
Transcripts accumulating from the reference construct are less abundant than transcripts from the Sgs-3 allele of the recipient strain (accumulating to -70% of the amount produced by the Formosa allele), which is consistent with the finding of Giangrande et al. (1987) that remote sequence elements (level elements, see Fig. 7 ) not included in the constructs used here are important for full transcriptional activation of Sgs-3. One of the lines carrying the reference construct produces only very small amounts of transcript from the Sgs-3 transgene (Fig. 6B, lane 6) . The virtual inactivity of this transgene is probably due to a position effect caused by the heterochromatin surrounding the integration site of the transposon in the telomeric region of the right arm of the third chromosome at 100F. Deletions of either element 3/1 or 3/I1 from the basic construct lead to a 5-fold and 3-fold, respectively, reduction of transcript accumulation from the Sgs-3 transgene (Fig. 6B,C) . The one line carrying the double deletion construct shows a -5-fold reduction in the amount of mRNA produced by the transposed gene (Fig. 6B, lanes 17 and 18) . The simultaneous presence of both deletions in the AI/AII construct thus does not seem to further enhance the effects of single site mutations but the significance of this finding has to Simple lines adjacent to the SmaI (Sm) and SalI (S) restriction sites represent P-element vector sequences, and the short sequence between the SmaI and the BstEII (Bs) restriction sites is derived from pBluescfipt SK( -). Constructs AI, AII and AI/II contain 13 bp deletions of the elements indicated by triangles. (B) Total RNA isolated from salivary glands of the indicated transformant lines was tested for the presence of Sgs-3 mRNA by Northern analysis. Individual lines are designated by the integration sites of their transposons. Line 73A, marked by an asterisk, is homozygous lethal, while Southern analyses revealed that lines 25A and 1B/C, marked by two asterisks, carry two P-element integrations which are not resolved by in situ hybridizations. Apart from line 73A, RNA was isolated from animals of homozygous insertion lines. The 820 nt mRNA of the resident Sgs-3 F°R allele and the 1120 nt mRNA of the transposed Sgs-3 OR allele were separated in 1.5% agarose gels, blotted onto nylon membrane and hybridized to an Sgs-3 DNA probe. (C) To estimate the activity of the transgenes, sections of the Northern blots containing transcripts of the transposed and resident genes were cut out and analyzed by scintillation spectrometry. Activity of the transgenes is expressed as percentage of activity of the resident Sgs-3 allele. The numbers in brackets below the columns give the number of different lines tested for each construct, as well as the total number of measurements taken from these lines. For example, five different lines were tested for the WT construct and altogether 11 measurements were taken from these lines. The 100F line was not used for quantitative analysis since it shows an unusually low expression, probably due to the integration of the transposon into telomeric heterochromatin. Error bars indicate the standard error of the mean, remain unclear unless additional lines carrying the AI/AII construct are available for analysis. W e conclude that each of the elements, 3fl and 3/II, is required for the full transcriptional activation of Sgs-3, but that Sgs-3 can be induced to considerable transcriptional activity also in the absence of both elements. Analyses of expression of the transgenes in early third instar larvae and in white prepupae gave no indication that the temporal pattern of induction or repression of the Sgs-3 promoter is altered in the presence of the binding site mutations (data not shown). Therefore, the two elements appear to be dispensable for the correct timing of Sgs-3 expression.
Discussion
Here we report the results of a screen for ecdysone receptor binding sites in the Sgs-3 upstream region. This Fig. 7 . Location of elements 3/1 and 3/11 with respect to previously identified regulatory elements of Sgs-3. The vertical arrows denote the DNase Ihypersensitive sites mapped by Ramain et al. (1986) .
screen revealed an EcR/USP binding site at -406/-394 which binds both EcR/USP contained in nuclear extracts and EcR/USP obtained by in vitro translation. A second binding site, at -753/-741, is not recognized by the in vitro translation products, but it binds a form of EcR/USP which is present in salivary glands of third instar larvae and which is barely detectable in nuclear extracts from white prepupae. This interpretation of the data critically depends on the specificity of the antibody reactions with the C2 complex formed by O-3/11. We cannot completely rule out that the antibodies recognize a cross-reacting protein species, but we think that this possibility is very unlikely, since two independently raised antibodies would have to cross-react with one and the same protein and this protein would have to migrate with the same mobility as the EcR/USP heterodimer. Salivary glands contain at least two different isoforms of the EcR protein but all known EcR isoforms have identical DNA-binding domains (Talbot et al., 1993) . It thus does not seem very likely that heterodimers containing different isoforms possess different DNA binding specificities. Nevertheless, this possibility as well as the possible involvement of posttranslational modifications of EcR and/or USP should be tested in future experiments. Surprisingly, oligonucleotides O-3/1 and O-3/11 are also recognized by the product of the region-specific homeotic gene fl~h. Deletions of elements 3/1 and 3/1I not only interfere with EcR/USP binding but also with FKH binding, indicating an overlap between the EcR/USP and FKH binding sites. However, in both cases the binding regions contain only imperfect matches with the fkh domain core motif 5'-TNNGTNA-3' Kaufmann et al., 1994) . In O-3//1, the A in the 3' position is replaced by a G, and in O-3/1 the T in the 5' position is replaced by an A (Fig. 2) . Thus, FKH appears to tolerate deviations from the core sequence in these positions. A similar flexibility in the nucleotide sequence of binding sites has also been found with other members of the fkh domain family of transcription factors like, for instance, hepatocyte nuclear factor HNF-3o~ (Jackson et al., 1993 ; for a discussion see Kaufmann et al., 1994) . The relaxed binding specificity of FKH thus provides another example for the surprising range of DNA sequences recognized by members of this family (for a review see Lai et al., 1993) .
For principal reasons, it is not possible to reliably deduce the in vivo occupation of a binding site from in vitro binding data. The identification of two factors binding to the same site makes the situation even more complicated. It is therefore impossible to unequivocally conclude which proteins occupy elements 3/1 and 3/1I in vivo, thereby being responsible for the activating properties of these elements. However, the strong binding of EcR/USP to element 3/1 may be taken as an indication that this element is also bound by EcR/USP in vivo. This would be consistent with the hypothesis that the ecdysone receptor directly participates in the transcriptional regulation of Sgs-3, suggesting that transcriptional control of Sgs genes by EcR/USP is possibly a more general phenomenon which is not confined to Sgs-4. The in vivo occupation of element 3/1I is even more difficult to assess, since third larval instar nuclear extract forms EcR/USP and FKH complexes of comparable strengths with this element. It is interesting to note that overlapping EcR/USP and FKH binding sites are also found in the upstream region of the Sgs-4 gene at a similar position (--415/-403) as element 3/1 (--406/-394) (Lehmann and Korge, 1995) . In this case, binding of SEBP3 to an adjacent functional site seems only be compatible with FKH binding to the -415/-403 region, suggesting that FKH binds to this region in vivo. An overlap of steroid hormone receptor binding sites and binding sites of other transcription factors has also been observed within the hormone response units of other steroid hormone-regulated genes (Brtiggemeier et al., 1990; Rigaud et al., 1991) . Strikingly, a glucocorticoid receptor (GR) binding site within a glucocorticoid responsive unit of the rat tyrosine aminotransferase gene is also recognized by a liver-specific DNA-binding protein (Rigaud et al., 1991) which has been suggested to be identical with an j~h domain protein of the HNF-3 group of transcription factors (Jackson et al., 1993) . The liver-specific factor binds in vivo to the GR binding site in a glucocorticoid-dependent manner, suggesting a hit-and-run mechanism in which the GR transiently binds to its target sequence to locally open the chromatin structure, thereby rendering the site accessible for the liver-specific transcription factor which in turn mediates the tissue-specific hormone response (Rigaud et al., 1991) .
The sequences of EcR/USP elements 3/1 and 3/11 do not perfectly match a consensus sequence based on the well-characterized EcREs of the hsp27 and Eip28/29 genes (Riddihough and Pelham, 1987; Cherbas et al., 1991; Martinez et al., 1991) . In particular, element 3/1 differs in position +2 from the consensus, a position which is usually occupied by G or C (Fig. 2) . Since position 2 is used to establish contacts with the receptor protein (Antoniewski et al., 1994) , the reduced binding affinity of element 3/1 compared with the hsp27 element is likely to be due to the divergence from the consensus in this position. Nonetheless, element 3/1 is an EcR/USP binding site of considerable strength, indicating that the EcR/USP heterodimer tolerates a deviation from the consensus in the +2 position. Oligonucleotide O-3/1 is also able to bind USP alone. This finding is consistent with the observation that USP is able to bind to single 'half-site elements' in a monomeric form. The optimal binding sequence for USP has been determined to be the nonamer GGGGTCACG (Khoury Christianson et al., 1992) which matches in six out of nine positions with element 3/1. Element 3/11 shows no similarity to this sequence which conforms well with the inability of this element to form a USP-dependent C4 complex.
Sgs-3 element 3/11 differs in three positions from the EcRE consensus sequence. Although these deviations also exist in the functional EcR/USP binding sites of the Fbpl (position -2; Antoniewski et al., 1994) and the Lsp-2 gene (positions -6/+ 6; Antoniewski et al., 1995) , together they are obviously incompatible with binding of in vitro-translated EcR/USP but they still allow binding of 'native' EcR/USP (see above).
Both element 3/1 and element 3/11 are located in regions that have previously not been recognized to be of importance for the transcriptional regulation of Sgs-3 (for review see Lehmann, 1996) . The stage-and tissue-specific expression of Sgs-3 is specified by two separate regulatory regions, the proximal element and the distal element (Fig. 7) (Raghavan et al., 1986; Ramain et al., 1988; Martin et al., 1989; Roark et al., 1990) . However, these elements are not sufficient to bring about full transcriptional activation of the Sgs-3 promoter, suggesting that EcR/USP elements 3/1 and 3/11 are level elements which act together with the proximal and distal elements to achieve wild-type expression levels.
The basic reference construct used in this study to assess the quantitative effects of EcR/USP binding site mutations produces -70% of the amount of Sgs-3 mRNA that is produced by the resident Sgs-3 gene. This is in apparent contrast to data of Bourouis and Richards (1985) , who used a similar approach to quantify the expression of Sgs-3 transgenes, except that they used the Formosa allele for plasmid constructions and the ry ~°6 strain, which carries an Oregon-like Sgs-3 allele, as recipient strain for P-element transformation. Larvae carrying a construct (g4) with upstream and downstream sequences extending even beyond the 5' and 3' limits of the Sgs-3 sequences contained in our reference construct, produced less than 5 % of the amount of transcript of the resident Sgs-3 allele.
Expression levels comparable with those obtained with our reference construct were only observed when more than 2.06 kb of Sgs-3 upstream sequence were present, indicating that remote sequence elements are required for full transcriptional activation of Sgs-3 (Giangrande et al., 1987) . While our data are consistent with the presence of such remote elements, their impact on Sgs-3 induction under our experimental conditions is considerably less than the 10-fold induction observed by Giangrande et al. (1987) . A reasonable explanation for the different results obtained when either the Formosa or Oregon alleles are used for plasmid constructions may be provided by differences in the upstream regions between these two genes. Indeed, comparison of the upstream sequences at the nucleotide level revealed a couple of base exchanges, deletions and insertions (Mettling et al., 1985) . While none of these differences concerns elements 3/I and 3/II or the proximal and distal elements, it cannot be excluded that a mutation in the first -1.4 kb of the upstream region of the Formosa allele impairs a previously unidentified regulatory element. This mutation would have to be compensated for by a second positively acting mutation located more distally. Interestingly, deletion of a base pair at position -1595 creates a perfect fkh domain binding site core sequence within the upstream sequence of the Formosa allele which is missing in the Oregon allele. It would be interesting to test whether this Formosa-specific site indeed contributes to the regulation of Sgs-3.
Remarkably, element 3/II coincides with a DNase Ihypersensitive site (DHS) centered on position -750 (Fig. 7) which is detected in salivary glands from third instar larvae (Ramain et al., 1986) , suggesting that element 3/II is located in a region of open chromatin configuration and is thus accessible for the binding of transcription factors. In contrast to a stage-specific DHS at -600, the -750 DHS is modified to a doublet in glands from white prepupae which can also be detected in tissue culture cells (Ramain et al., 1986) . This is consistent with the hypothesis that element 3/II functions as a level element rather than specifying the stage and tissue specificity of Sgs-3 expression. Ramain et al. (1988) found that a 110 bp deletion covering the -750 DHS had little or no effect on Sgs-3 transcript levels, which contrasts with our finding that deletion of element 3/II leads to a ~3-fold reduction of Sgs-3 transcript levels. Although this inconsistency of the results is not easy to explain, it might be due, as explained above, to the presence of more remote upstream sequences in the constructs used by Ramain et al. (1988) , being able to compensate for the deletion of the -750 region, or to the different lengths of the deletions tested in the two studies.
Element 3/1 is shifted -60 bp downstream of a DHS (centered on position -470) which is present in third larval instar salivary glands and which is diminished in prepupal glands (Ramain et al., 1986) . Even if one takes into consideration that the accuracy of DHS mapping was only in the range of +30 bp (Ramain et al., 1986) , it is therefore unlikely that element 3/1 coincides with the --470 DHS. This element, which is responsible for a ~5-fold induction of the Sgs-3 promoter, may have escaped an identification in previous studies because of its location between the proximal and distal elements. Successive terminal deletions, progressing from either distal or proximal sites into the Sgs-3 upstream region, resulted in a loss of Sgs-3 expression by removal of the proximal and distal elements before entering the region of element 3/1 . Likewise, internal deletions that have been tested did not include this element (Ramain et al., 1988) .
The results of our study show that sequences of importance for the regulation of Sgs-3 are not confined to the proximal and distal elements and that the ecdysone receptor is probably also directly involved in the regulation of this Sgs gene. Further efforts are clearly necessary to work out the similarities and differences between the molecular mechanisms governing the transcriptional control of different Sgs genes.
Experimental procedures
Flies and strains
Sgs-3 gene fragments used in this work were excised from plasmids aDm2023 and aDm2024, originally derived from the wild-type strain Oregon-16f (Garfinkel et al., 1983) . The sequences of synthetic oligonucleotides correspond to the Sgs-3 sequence of this strain. Oregon R was used for the preparation of nuclear extracts. Formosa ry 42 served as the recipient strain for P-element transformation. Grflies were crossed with the balancer strain Tf(2:3) Ata/ CyO; TM3 ry Rrt Sb Ser (established by M.A. Crosby) to obtain homozygous transformant lines.
Preparation of nuclear extracts and in vitro translation
Wandering third instar larvae were collected after 96-114 h of development at 25°C, and white prepupae were selected by immobility, spiracle eversion and cuticle tanning. Salivary glands from 150-200 animals were handdissected at 4°C and used for the preparation of nuclear extracts as described previously (Lehmann and Korge, 1995) .
EcR and USP proteins were synthesized in vitro using a coupled in vitro-transcription/translation system (Promega; TNT T7/T3 Coupled Reticulocyte Lysate System) according to the instructions of the manufacturer. Plasmids pCMX-USP and pCMX-EcR, which were used for the expression of USP and EcR isoform B1, respectively, were a gift from T.-P. Yao and R.M. Evans (Yao et al., 1992) .
Mobility shift DNA binding assay
All binding reactions were carried out in a final volume of 20/~1, containing 10% glycerol, 50-60 mM NaC1, 10 mM Tris-HC1 (pH 7.5), 1 mM DTT, 2 mM EDTA, 1-2 #g poly(dI-dC).(dI-dC), 0.2-1.0 ng 3zp-labelled probe, 1-2 #1 nuclear extract or 3 #1 in vitro-translated proteins, and competitor-DNA in 10-100-fold molar excess as indicated in the figures. Incubations were for 20 min at room temperature. Assay mixtures including antibodies contained 3.5 /zl anti-EcR antibody AG 10.2 (Talbot et al., 1993) , 2/zl anti-USP antibody AB 11 (Khoury Christianson et al., 1992) or 1 /A anti-FKH antibodies purified before on Protein A Sepharose CL-4B (Lehmann and Korge, 1996) . Antibodies were added to the reaction mixtures after all other components had been mixed. The final concentration of NaC1 was -80 mM and incubations were for 45 min at room temperature. Free and complexed DNA were separated in 4.5% or 5% non-denaturing polyacrylamide gels as described previously (Lehmann and Korge, 1995) .
The following double-stranded oligonucleotides were used as radiolabelled probes or competitors (only the upper strand is given): hsp27 (5'-CTAGAGACAAGG-GTTCAATGCACTTGTCCAACTAG-3') contains the hsp27 EcRE and corresponds to the -552 to -526 region of the Drosophila hsp27 gene (Riddihough and Pelham, 1986; Riddihough and Pelham, 1987) . To facilitate radiolabelling, hsp27 was provided with 5"-CTAG overhangs on both ends. O-3/I (5'-GTTGATTAGGGTCAATAGCC-GAGTCGATCTG-3') and O-3/11 (5'-TGTAAATTCGTT-GAATCAATGTCAAATTGC-3') correspond to the -414 to -384 region and the -761 to-732 region, respectively, of the Sgs-3 gene. Both oligonucleotides carried 3 nt single-stranded 5'-ends. The G in the 5'-position of the upper strand of O-3/1 does not correspond to the Sgs-3 sequence and was introduced to facilitate radiolabelling by fill-in reactions using [a-3ep] dCTP and Klenow fragment. Oligonucleotides O-A3/1 (5'-GCATATATATTCTTGATTAA-GTCGATCTG-3') and O-A3/II (5'-GCTGTATGTAA-ATTCTCAAATTGCCTGTCAA-3') bear deletions of elements 3/1 and 3/11, respectively. The 5'-and 3'-ends of these oligonucleotides correspond to positions -425 and -384 (O-A3/1) and positions -767 and -725 (O-A3/II), respectively. The KR oligonucleotide has the sequence 5'-TCCTTTGTAAATATTAA-3' (Kaufmann et al., 1994) , and in the KRM oligonucleotide this sequence is altered by two base substitutions in the underlined positions: 5'-TCCCTTGGAAATATTAA-3' (Lehmann and Korge, 1996) .
PCR mutagenesis
Mutations A3/I and A3/II were generated by PCR as described by Ausubel et al. (1992) . A 1008 bp NsiI/SalIfragment (-1137 to -130), excised from aDm2024 and ligated into pBluescript SK(-) served as a template. Genespecific primers 3/1 del 2 (-422 to -384, containing A3/1) and 3/1 3" (-383 to -367) were used to generate plasmid SK-1.0A3/1. Primers 3/1I mut 5(2) (-767 to -728, containing A3/1I) and 3/11 5' (-784 to -768) were used to generate plasmid SK-1.0A3/II. The results of mutagenesis were verified by DNA sequencing.
Plasmid constructions and P-element transformation
Plasmids for P-element transformation were constructed as follows: a 1.24 kb BstEII (fill-in)/SalI fragment of the Sgs-3 gene (-1368 to -130) was isolated from aDm2024 and ligated into EcoRV/SalI-digested pBluescript SK(-) resulting in plasmid SK-1.24wt. This plasmid was linearized with SalI, and a 2.42 kb SalI fragment of Sgs-3 (-129 to +2289) excised from aDm 2023 was ligated into the SalI site, leading to SK-3.66wt. The correct orientation of the 2.4 kb SalI fragment was confirmed by restriction mapping. After digestion with Sinai (polylinker restriction site 5' to the BstEII site) and SalI (partial), the 3.66 kb fragment was isolated and ligated into P-element vector Carnegie-20 (Spradling and Rubin, 1982) , cut with HpaI/SalI, to generate C-wt. This transposon thus includes Sgs-3 sequences from -1368 to +2289. A plasmid containing a deletion of element 3/1 was constructed by replacing the 335 bp AccI/SalI fragment (-464 to -130) of S K-1.24wt by the corresponding restriction fragment excised from SK-1.0A3/1 which was obtained by PCR mutagenesis. The following steps leading to transposon C-AI were as for construction of C-wt. Transposon C-All was obtained by replacing the 324 bp ClaI/AsulI fragment (-1014 to -691) of SK-1.24wt by the corresponding fragment excised from SK-1.0A3/1I. The following cloning steps were as described above. For construction of transposon C-AI/ All the 324 bp ClaI/AsulI fragment (-1014 to -691) of plasmid SK-1.23A3/1 was replaced by the corresponding fragment (bearing deletion A3/II) of plasmid SK-1.0A3/II. Further steps were as described for C-AI and C-All. The presence of the correct mutations in the transposons used for P-element transformation was again confirmed by sequence analysis. P-element transformation was performed according to standard procedures (Spradling, 1986; Ashbumer, 1989) . Homozygous lines were established using the balancer strain Tf(2:3) Ata/CyO; TM3 ry RK Sb Ser, and the number of integrations and their chromosomal location were determined by in situ hybridization to polytene chromosomes following modified procedures of Pardue and Gall (1975) . The number of integrations was also confirmed by Southern analysis.
RNA analysis
RNA was extracted by a modified lithium salt method, originally described by Warner and Gorenstein (1977) . Salivary glands of third instar larvae or white prepupae were dissected in ice-cold Drosophila ringer, collected in 90/~1 1% LETS, frozen in liquid nitrogen and stored at -80°C. For RNA extraction an equal volume of phenolchloroform was added and the cells were disrupted by vigorously vortexing the thawing samples for 30 s. After centrifugation, the interphase was re-extracted with 1 vol. 0.2% LETS. The pooled nucleic acid fraction was extracted with 1 vol. phenol-chloroform. Ethanol precipitation was carried out in the presence of 0.1 vol. 3 M LiC1 and 0.25 ~g glycogen as carrier. RNA was fractionated on a 1.5% formaldehyde-agarose gel and blotted onto a nylon membrane (Nytran NY 13, Schleicher and Schuell). After hybridization with a radiolabelled Sgs-3 probe (2.42 kb SalI restriction fragment from aDm2023) the positions of RNA species were determined by autoradiography and corresponding sections of the nylon membrane were cut out for liquid scintillation counting.
